C3 glomerulonephritis (C3GN) results from abnormalities in the alternative pathway of complement, and it is characterized by deposition of C3 with absent or scant Ig deposition. In many patients, C3GN progresses to ESRD. The clinical features, pathology, and outcomes of patients with C3GN receiving kidney transplantation are unknown. Between 1996 and 2010, we identified 21 patients at our institution who received a kidney transplant because of ESRD from C3GN. The median age at the time of initial diagnosis of C3GN at kidney biopsy was 20.8 years. The median time from native kidney biopsy to dialysis or transplantation was 42.3 months. Of 21 patients, 14 (66.7%) patients developed recurrent C3GN in the allograft. The median time to recurrence of disease was 28 months. Graft failure occurred in 50% of patients with recurrent C3GN, with a median time of 77 months to graft failure post-transplantation. The remaining 50% of patients had functioning grafts, with a median follow-up of 73.9 months. The majority of patients had hematuria and proteinuria at time of recurrence. Three (21%) patients were positive for monoclonal gammopathy and had a faster rate of recurrence and graft loss. Kidney biopsy at the time of recurrence showed mesangial proliferative GN in eight patients and membranoproliferative GN in six patients. All allograft kidney biopsies showed bright C3 staining (2-3+), with six biopsies also showing trace/1+ staining for IgM and/or IgG. To summarize, C3GN recurs in 66.7% of patients, and one half of the patients experience graft failure caused by recurrence.
C3 glomerulonephritis (C3GN) is the result of dysregulation in the alternative pathway of complement. 1, 2 The renal biopsy is characterized by dominant staining for complement factor C3 with minimal or no staining for Igs on immunofluorescence microscopy. Light microscopy reveals a proliferative pattern of injury with evidence of mesangial, subendothelial, and, occasionally, subepithelial deposits on electron microscopy. 3, 4 Clinically, the disease presents with hematuria, proteinuria, and low serum C3 levels. 2 The renal outcome of patients with C3GN is not as well established. The disease seems to have a chronic, but progressive, course, with deterioration in renal function and development of ESRD in up to 50% of the patients. 5 Even less well established is the course of C3GN after kidney transplantation. The aim of this study was to examine the outcome of kidney transplantation in patients with C3GN, further characterize the histology of recurrent C3GN (rC3GN), and compare the results with recurrent dense deposit disease (DDD).
RESULTS

Baseline Demographics and Transplant Course of Non-rC3GN
Twenty-one patients at our institution received a kidney transplant because of ESRD from C3GN. The median age at time of initial diagnosis of C3GN at kidney biopsy was 20.8 years (range=7-67 years, mean=26.9 years). The median time from native kidney biopsy to dialysis or transplantation was 42.3 months (range=0-400, mean=70.8 months).
Of 21 patients with C3GN who received kidney transplantation, 7 patients did not have recurrence of disease in their renal allograft after a median post-transplant follow-up of 162 months (27-361 months, mean=174 months) ( Table 1) . Protocol biopsies done at 0, 4, 12, 24, 60, and 120 months did not show any evidence of rC3GN. Of 7 patients, 6 patients were men, and one patient was a woman. The median age at time of native biopsy was 16.4 years (7-54 years, mean=21.4 years). Median time to developing ESRD or receiving kidney transplantation was 32 months (1-185 months, mean=45.5 months). Four patients received dialysis before transplantation, and three patients received preemptive transplants. All transplants, except for one, were from living donors. Induction immunosuppression therapy included thymoglobulin in one patient, anti-CD25 antibody in one patient, and antilymphocyte globulin in one patient. Four patients did not receive induction therapy.
Two of seven patients received more than one kidney transplant, none of which failed because of recurrence of disease. Of seven patients, four patients continue to have functioning grafts at time of last follow-up, and three patients have developed allograft failure. Two of the graft losses were caused by rejection, and one graft was lost because of interstitial fibrosis and tubular atrophy after an episode of acute urinary tract infection and urinary obstruction. Average serum creatinine at time of last follow-up in patients with a functioning graft was 1.6 mg/dl (1.3-1.8 mg/dl). Of five patients with available data, none had low C3 before renal transplantation. Two patients had C3 levels evaluated after transplant (at the time of graft failure), and both patients were within normal range. Only one patient had abnormal serum monoclonal studies (IgGk). The patient continues to have a functioning graft more than 2.5 years after renal transplantation. Maintenance immunosuppression is shown in Table 1 .
Baseline Demographics and Pretransplant Course of rC3GN
Of 21 patients with the diagnosis of C3GN based on the native kidney biopsy, 14 (66.7%) patients developed rC3GN ( Figure 1 ). Except for one patient (patient 12) with positive hepatitis B serology, the remaining patients with rC3GN were negative for hepatitis B and C serology. Of 14 patients with rC3GN, 8 (57%) patients were women, and 6 (43%) patients were men. The median age at time of first native kidney biopsy was 24.4 years (11-67 years, mean=29.7 years). The median age at time of first renal transplantation was 35.5 years (12-69 years, mean=37.8 years). The median time from native kidney biopsy to dialysis or first transplantation was 62.4 months (range=0-400 months, mean 83.5 months). The median 24-hour urine protein before renal transplantation was 6943 mg (334-9596 mg/24 h, mean=5803 mg/24 h). The median C3 level was 46.5 mg/dl (mean=49.1 mg/dl, normal range=75-175 mg/dl), and the median C4 level was 21.5 mg/dl (mean=18.9 mg/dl, normal range=14-40 mg/dl) ( Table 2) . Of 14 patients, 10 patients were on dialysis before transplantation, and 4 patients received preemptive transplants; 11 of 14 transplants with rC3GN were from living donors, and 3 transplants were from deceased donors. Before transplantation, 6 patients did not receive any treatment for C3GN, 3 patients received prednisone alone, one patient received prednisone and cyclosporine, one patient received prednisone and cyclophosphamide, one patient received mycophenolate mofetil and intravenous Ig, and information was not available for two patients.
Post-Transplant Course of rC3GN
Seven patients continue to have functional grafts with a median follow-up of 73.9 months (32-162.7 months, mean=78.1 months), and 7 (50%) patients have lost their graft after recurrence of the disease (Figure 2 ). The median serum creatinine at time of last follow-up in those patients with a functioning graft was 1.6 mg/dl (1.0-2.1 mg/dl, mean=1.67 mg/dl) ( Table 3 ). The median time from transplantation to recurrence of disease was 28 months (ranging from 9 days to over 11 years, mean=46 months). The median graft survival from time of transplant to failure was 77 months (0-159 months, mean=90.1 months), whereas median time from recurrence of disease to failure was 18 months (range=0-71 months, mean=21.1 months). In patients with graft failure, six grafts were lost because of rC3GN, and one graft was lost because of delayed graft function with evidence of rC3GN 9 days after kidney transplantation (patient with monoclonal gammopathy; see below).
Of 14 patients with rC3GN, induction immunosuppression included thymoglobulin (8 patients), anti-CD25 antibody (1 patient), anti-CD52 antibody (1 patient), and antilymphocyte globulin (1 patient). Three patients did not receive induction therapy. Two patients received prednisone, cyclosporine, and azathioprine for maintenance immunosuppression. The remaining patients received prednisone, mycophenolate mofetil, and tacrolimus.
At the time of recurrence, 6 patients had evidence of hematuria, and 5 (45%) of 11 patients with available data had low C3 levels. The median 24-hour urinary protein at time of recurrence was 799 mg (22-4288 mg/24 h, mean=1629.3 mg/ 24 h). Ten of the renal biopsies were performed for clinical reasons, including hematuria, proteinuria, or elevated serum creatinine; four renal biopsies were performed as protocol biopsies (patients 1, 3, 11, and 13). Of 4 patients who were incidentally found to have rC3GN, all 4 patients continue to have a functioning graft at last follow-up. Of 10 patients who had biopsies done for clinical reasons, 7 (70%) patients have lost their grafts.
Five of fourteen patients with rC3GN received more than one kidney transplant. Of 5 patients, 2 patients had rC3GN in the first renal allograft, and 3 patients had recurrence of disease in the second renal allograft. 
rC3GN and Monoclonal Gammopathy
All patients had either serum or urine electrophoresis studies before transplant to determine the presence of a monoclonal gammopathy. Three patients were positive for M spike in the g-region (patients 4, 9, and 10). Patient 4 had evidence of IgAl on serum immunofixation and a positive bone marrow biopsy with 5%-10% l-restricted plasma cells. The patient had recurrence of disease within 9 days of renal transplantation. Serum immunofixation for patient 9 showed IgGl, but the bone marrow biopsy was normal. The patient has received a total of four kidney allografts and had evidence of rC3GN in the last three transplants, all of which have been lost because of recurrence of disease. The time to recurrence of disease was much shorter in the final allograft (48, 54, and 2.5 months after the second, third, and fourth transplant, respectively). The final graft was lost in less than 1 year (8.5 months) because of recurrence of disease, which was shorter than the time to graft loss compared with the previous transplants. Patient 10 revealed IgGl on serum immunofixation studies, and a bone marrow biopsy showed 15%-20% l-restricted plasma cells. The patient had recurrence of disease within 4 months of renal transplantation, with significant decline in kidney function. Initially, the patient was treated intermittently with plasmapheresis and prednisone, and there was some improvement in the kidney function; however, kidney function deteriorated, and the patient required dialysis for a brief period of time. The patient eventually underwent autologous peripheral stem cell transplant 2 years after kidney transplantation with significant improvement in kidney function. The patient continues to have a functioning graft more than 10 years after the kidney transplant.
HLA Haplotype
Seven of twenty-one patients with C3GN who received kidney transplants were typed as HLA-DR17 (3)-DQ2 haplotype, and of these patients, six patients had rC3GN.
Renal Pathology
Review of the native kidney biopsies of 7 patients with nonrC3GN showed C3GN in the native kidney biopsy by the criteria listed in Concise Methods. The previous diagnoses of the biopsies were as follows: membranoproliferative GN (MPGN) type I in three cases, MPGN in two cases, MPGN type III in one case, and mesangial proliferative GN with C3 in one case (Table 4) . Review of the native kidney biopsies of 14 patients with rC3GN showed C3GN in the native kidney biopsy by the criteria listed in Concise Methods. The diagnosis included MPGN type I in five cases, MPGN type III in four cases, postinfectious GN in two cases, proliferative and sclerosing GN of unknown etiology in two cases, and diffuse proliferative GN in one case.
Kidney allograft biopsy was evaluated in all cases of rC3GN. At the time of diagnosis, 8 patients showed a mesangial proliferative pattern of injury, whereas the remaining 6 patients showed a membranoproliferative pattern of injury. The number of globally sclerosed glomeruli ranged from 0% to 60%, with an average of 16%. The tubular atrophy and interstitial fibrosis ranged from 0% to 50%, with an average of 18%. Immunofluorescence microscopy showed dominant C3 staining in all cases: eight biopsies showed exclusive staining for C3 (2-3+), whereas five biopsies showed trace/1+ IgM or IgG in addition to the C3 staining. In one biopsy (patient 12), immunofluorescence material contained only two globally sclerosed glomeruli. However, mesangial and subendothelial electron dense deposits were noted on electron microscopy in this biopsy. Also, subsequent biopsies showed the dominant C3 staining. Electron microscopy showed mesangial deposits in three biopsies and mesangial and capillary wall deposits in nine biopsies. Electron microscopy was not performed in 2 patients. Figure 3 shows representative allograft biopsy findings in a case of early mesangial proliferative GN with C3 deposits (patient 3) and MPGN with C3 deposits (patient 6). 
Treatment
The majority of patients (n=10) did not receive any additional treatments for the recurrence of the disease and continued on their usual immunosuppressive therapy. Three patients (patients 7, 8, and 14) received rituximab therapy, with improvement of renal function in one patient (patient 7) and lack of response in the remaining 2 patients, which resulted in loss of graft function. As noted above, patient 10 received plasmapheresis, a higher dose of prednisone, and eventually, stem cell transplantation. Patient 9 did not receive any specific therapy for recurrence of disease in the second and third renal allografts, but underwent plasmapheresis with a higher dose of prednisone after recurrence of the disease in the fourth transplant without any response.
DISCUSSION
C3GN is a recently described GN that has gained recognition only over the last 5 years, with few case series describing the renal outcomes. 1,2 Some of the reports have mentioned recurrence of C3GN in few cases on the series of C3GN. However, detailed clinical features, renal biopsy findings, and renal outcomes of kidney transplant in patients with ESRD caused by C3GN are not known. This study is the first study to comprehensively evaluate the clinical findings, kidney biopsy characteristics, and renal outcomes of patients with C3GN after kidney transplantation.
We identified 21 Mayo Clinic patients with ESRD caused by C3GN who received renal transplant. Fourteen of these patents had evidence of rC3GN on allograft biopsy, indicating a high rate of recurrence (66.7%). Four cases of rC3GN were identified by protocol kidney allograft biopsies, which showed C3 deposits in the absence of any clinical symptoms. Most cases, however, were identified on clinical biopsies performed for evaluation of hematuria, proteinuria, or elevated serum creatinine. Most of the patients who had evidence of recurrence based on protocol biopsy had a functioning graft at the time of last follow-up, indicating a favorable outcome. Seven patients did not have rC3GN based on clinical features and protocol biopsies, although subclinical recurrence may have been missed in this group. The median age at the time of initial diagnosis of C3GN on the native kidney biopsy was 20.8 years, and C3GN affected both sexes equally, consistent with the previous reports. 1, 2 The median time to developing ESRD was over 3.5 years, suggesting a slow but progressive decline in renal function. Given that most of the patients affected are young, the majority of patients required some type of RRT in early adulthood (median age at transplantation was 36 years). In addition, some of the patients required more than one renal transplant in their lifetime. In our series, 5 patients (35%) received at least two renal transplants.
C3GN has been associated with a monoclonal gammopathy. 6, 7 The monoclonal Ig presumably inhibits the function of complement regulating proteins probably by acting as an autoantibody. 8 In a recent study, 31% of C3GN patients were associated with a monoclonal gammopathy. 7 In keeping with these findings, we found that rC3GN was associated with a monoclonal gammopathy in 3 of 14 (21%) patients. The median time to recurrence was shorter in patients with rC3GN associated with monoclonal gammopathy (3.6 months) compared with rC3GN not associated with monoclonal gammopathy (43.3 months) (Figure 4) . Also, the course was more progressive in these patients. The P value was not significant at 0.13, which is most likely because of the small numbers. In this subset of rC3GN associated with monoclonal gammopathy, targeting the monoclonal Ig may serve as a novel therapeutic approach in such patients. DDD is similar to C3GN in that it results from dysfunction of the alternative pathway of complement. 9, 10 It is distinguished from C3GN on electron microscopy. Electron microscopy shows sausage-shaped large osmiophilic dense deposits within the glomerular basement membranes, whereas in C3GN, the deposits tend to be mesangial and subendothelial. However, deposits of C3GN and DDD are both composed of complement factors of the alternative and terminal pathway of complement. 11 DDD has a high rate of recurrence after kidney transplantation and results in graft failure in up to 50% of patients, with graft loss occurring within 2.5 years of transplantation. 10, 12, 13 With regards to C3GN, we noted a recurrence rate of 66.7%, with graft failure in 50% of rC3GN. Thus, the rates of recurrence and graft failure are comparable with DDD. The median time to recurrence was 28 months, and the median time to graft failure of 77 months after transplantation seems to be longer than DDD. 12 Regarding pathology, native kidney biopsy of C3GN more often shows an MPGN (nine cases) and less commonly shows a diffuse proliferative/postinfectious GN (three cases) pattern of injury. 14 However, rC3GN often shows a mesangial proliferative (eight cases) or membranoproliferative pattern (six cases) of injury. These results are in keeping with our previous findings on recurrent MPGN. 15 Mesangial proliferative GN is more common in rC3GN, which is likely because of early detection of the recurrent disease. In the native biopsy, the membranoproliferative pattern is more common, which is likely because of late detection and the chronic nature of the disease.
Finally, there were more men in the nonrecurrent group compared with women (86% versus 42%, P=0.06). Whether this result suggests a higher rate of recurrence in women is difficult to determine, because the numbers are too small to draw definite conclusions. Hematuria and proteinuria were absent in patients with functioning graft and no recurrence of C3GN.
The treatment for rC3GN in this series included primarily use of rituximab or plasmapheresis in addition to the standard immunosuppressive therapy. Given the small number of patients who received additional therapy, it is difficult to draw any conclusions with respect to the efficacy of rituximab or plasmapheresis. The anticomplement drug eculizumab was recently reported to have partial benefit in a case report of a patient with DDD that recurred as C3GN. 16 None of the patients received eculizumab in our series. It is of interest that the stem cell transplant in the patient with monoclonal gammopathy did result in significant improvement in the renal function after significant reduction in the light chain and Ig. The association between C3GN and monoclonal and activation of alternative pathway of complement by l-light chain has been previously reported. [6] [7] [8] In our patient, it is, therefore, likely that the improvement in kidney function was the result of reduction in the l-light chains and decreased activation of alternative pathway of complement.
Finally, 6 of 14 (43%) rC3GN and only 1 of 7 (14%) nonrC3GN typed as HLA-DR17 (3)-DQ2 haplotype, which has been seen in other autoimmune disorders like type 1 diabetes mellitus. Approximately 25% of the Caucasian population shows this haplotype. 17 It is difficult to draw conclusions because of small numbers, and larger studies are needed to determine if there is correlation between rC3GN and HLA haplotypes.
This study is a retrospective analysis of rC3GN patients from a single institution. The advantage of this study is the detailed availability of all records, including biopsy material. An obvious limitation of this study is the lack of evaluation of the alternative pathway of complement. Because this study is retrospective, it is difficult to obtain samples for such an analysis.
In summary, C3GN recurs at a high rate (66.7%). The majority of rC3GN is detected on clinical kidney allograft biopsies performed for hematuria, proteinuria, or elevated serum creatinine. Graft loss occurs in 50% of the patients with rC3GN. The recurrence often occurs within 2-3 years, but time to graft failure from time of transplant takes longer (6-7 years). Furthermore, rC3GN associated with monoclonal gammopathy is associated with earlier and more aggressive recurrences.
CONCISE METHODS
Study Design
Native kidney biopsies of patients who received a kidney transplant between January of 1996 and December of 2010 at Mayo Clinic (Rochester, MN) were evaluated to confirm the diagnosis of C3GN. We did not include cases of rC3GN that were available through the renal pathology biopsy consultative practice. The criteria for diagnosis of C3GN were (1) proliferative GN on light microscopy, (2) dominant C3 staining (2-3+ of 3+) and absent or minimal staining for Ig (0-1+ of 3+) on immunofluorescence microscopy, and (3) mesangial and/ or capillary wall electron dense deposits on electron microscopy. Patients with DDD were excluded. In total, 21 patients who fulfilled the criteria of C3GN were identified. Protocol renal allograft biopsies were performed at time of transplant, 4 months, and 1, 2, 5, and 10 years after transplantation. Indication renal allograft biopsies were performed at the discretion of the nephrologist. rC3GN was diagnosed according to the criteria above. Antigen-level HLA typing was performed by serological or molecular methods. Clinical information was obtained from the review of the medical records. Graft loss was defined as return to dialysis or retransplantation. The study was approved by the Institutional Review Board at Mayo Clinic.
Statistical Analyses
Data are expressed as medians and ranges (minimum to maximum) and compared with nonparametric tests (Kruskall-Wallis). The chi-squared test is used to compare proportions. Kaplan-Meier curves and log-rank tests are used to evaluate the cumulative incidence of rC3GN and graft failure over time. P,0.05 is considered significant.
